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We show that geometrically coupled polariton condensates fabricated in semiconductor devices
are versatile systems capable of simulating molecules with given characteristics. In particular, we
consider oscillatory and stationary symmetric and asymmetric states in polariton dimers, trimers,
and tetrads and their luminosity in real and Fourier space. The spectral weights of oscillatory
states are associated with discrete spectral lines. Their number and separation can be controlled
by changing the number and geometry of condensates, reflected by the coupling strengths. We also
show that asymmetric stationary states combine discrete and continuous degrees of freedom in one
system. The continuous degree of freedom is represented by the phase while the discrete degree of
freedom is given by density asymmetry. Our work paves the way to engineer controllable artificial
molecules with a range of properties manufactured on demand.
The complex behaviour of many-body solid-state and
photonic systems provides a rich platform for exploring
disparate physical behaviours while opening up the abil-
ity to predict and create new classes of materials with
designed properties. The notion of an “artificial atom”
suggests that some nanostructures have size-dependent
physical properties. For instance, colloidal nanoparticles
of inorganic solids or quantum dots with their control-
lable sizes and characterisation enable the periodic ta-
ble to acquire a third dimension [1]. This analogy can
be developed further by showing that artificial atoms
can be grouped and coupled together to create “artificial
molecules”. The physical properties of such molecules,
including their electronic, optical, and mechanic prop-
erties are drastically different from those of the compo-
nent atoms due to interaction couplings. How can we
build a system that allows us to control couplings be-
tween elementary atoms to simulate the behaviour of
artificial molecules? Well-defined groupings of coupled
constituents such as neutral atoms, ions, superconduct-
ing circuits, quantum dots, nanocrystals, nuclear spins,
photons, polaritons, or polariton condensates a may show
properties altered from those of the individual compo-
nents and form artificial molecules. On the one hand,
such artificial molecules may be capable of simulating a
wide range of elaborate Hamiltonians [2]. Recently, opti-
cal and polaritonic lattices have been proposed as models
for an analogue simulator capable of finding the lowest
energy states of spin Hamiltonians such as Ising and XY,
as well as higher order k-local Hamiltonians [3–10]. On
the other hand, an optical or laser element, nanocrystal,
or polariton or photon condensate all have more degrees
of freedom than just “spin”, which is in these systems
associated with the phase of the order parameter that
describes such artificial atoms. In this Letter, we show
that coupled photonic or polaritonic systems form the
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clusters while the controllable interactions between con-
stituents play the role of molecular bonds giving rise to
new energy states, optical properties, and vibrations that
can be spectroscopically observed.
Polaritons are bosonic quasiparticles formed by blend-
ing light (photons) and matter (excitons) in semiconduc-
tor microcavities [11, 12]. They form a Bose-Einstein
condensate (BEC) at higher temperatures than atomic
systems [13]. Lattices of polariton condensates are able
to interact through the outflow of polaritons from each
condensate center (CC) [14]. The interaction between
condensates, facilitated by the coupling, results in the
emergence of synchronisation and phase-locking [15, 16].
Networks of polariton condensates were shown to relate
to Kuramoto, Sakaguchi-Kuramoto, Stuart-Landau, and
Lang-Kobayashi oscillators and beyond [17]. At the same
time, polariton condensates differ from optical (laser)
systems by the presence of self-interactions. As we es-
tablish in this Letter, such nonlinearities lead to novel
states that can be utilised to combine discrete and con-
tinuous degrees of freedom and to change the form of
artificial molecule bonds and deformations.
The ability to design and synthesise polariton arti-
ficial molecules is interesting for predicting some new
behaviours. As the couplings between the individual
condensates change, the resonance splits into lower and
higher frequency modes. This is analogous to plasmon
coupling in trimers and quadramers of metal nanoparti-
cles [18] and hollow metal nanospheres [19]. Each of the
constituents in these systems is an oscillator that has a
well-defined amplitude and density. Photonic molecules
have been shown to display novel quantum optical be-
haviours, making them useful tools in the construction
of photonic devices [20]. They have also been observed
in polariton micropillar structures [21–23], with couplings
greatly influencing the nature of the condensation.
The coupling of two polaritonic/photonic (nonequilib-
rium) CCs has been studied in the framework of the
weak lasing regime [24–28], demonstrating the existence
of steady, oscillatory and chaotic states. Two CCs can
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2emit a number of equidistant frequencies simultaneously
forming a frequency comb [29–31], a phenomenon com-
parable to those observed in mode-locked lasers [32, 33]
and optical microresonators [28, 34, 35].
In this Letter we show that polariton condensates ar-
ranged in simple geometrical configurations of several el-
ements are flexible emulators of structural, spectral, and
physical properties associated with complex molecules;
oscillatory states can be used to control the spectral gaps
of the emission whereas asymmetric stationary states can
be used to combine discrete and continuous degrees of
freedom in one molecule.
Our starting point is a general gain-saturation model
that describes a system of coupled oscillators such as
lasers or nonequilibrium condensates:
ψ˙i = ψi
(
P
1 + |ψi|2 − 1
)
− is|ψi|2ψi + (1− ig)
∑
j 6=i
Jijψj ,
(1)
where ψi(t) =
√
ρi exp[iθi] is the complex amplitude of
the i−th CC, ρi and θi are occupation and phase, re-
spectively, s is the strength of the nonlinearity (self-
interactions) within each CC, P is the pumping strength,
g is the strength of the detuning, and Jij is the coupling
strength between the i−th and j−th CCs. These equa-
tions were derived from the full mean-field Maxwell-Block
equations for laser cavities [36] or using the tight-binding
approximation from the mean-field complex Ginzburg-
Landau equation in the fast reservoir regime [17]. For
lasers s = 0, whereas for nonequilibrium condensates s
can be positive or negative depending on the governing
system parameters. The coupling strength between each
pair of CCs, Jij , depends on the pumping strength and
on other system parameters such as the distance between
the condensates or the shape of the pumping beam [14].
For two CCs and s = 0 we can obtain the fully analyt-
ical steady state solutions of Eq. (1) written in terms of
occupations and phases:
0 =
( P
1 + ρi
− 1
)
cos δ + J
√
ρj
ρi
cos(θij + δ), (2)
µ = −sρi − J
√
ρj
ρi
sin(θij + δ)/ cos δ, (3)
where we denoted θij ≡ θi − θj , θ = θ12, tan δ = g,
J12 = J and introduced the chemical potential µ that
characterises the global frequency of the system. We
introduce the density discrepancy F ≥ 1 by writing
ρ2 = F
2ρ1. It follows from Eqs. (2-3) that F = 1 if
and only if θ = 0 or pi. For asymmetric solutions (F > 1)
and s = 0 we have
ρ2
ρ1
≡ F 2(θ) = sin (δ − θ)
sin (δ + θ)
, (4)
ρ1 =
J cos θ
J sin(θ − δ) sin δ − F cos2 δ . (5)
We substitute Eqs. (4) and (5) into Eq. (2) and solve it
for P in terms of θ for fixed J and 0 < δ < pi/2. This
gives a family of asymmetric solutions, such that each
θ determines the pumping P that leads to the solution
with that θ if P, ρ1 > 0 and F > 1. These conditions are
satisfied for −δ < θ < 0 if J < 0 and for pi − δ < θ < pi
if J > 0.
Asymmetric dimers are unstable if s = 0 and it is the
existence of nonlinear self-interactions, encapsulated by
the parameter s, that are responsible for the emergence
of stable asymmetric states, as we show in the Supple-
mentary Information using linear stability analysis. As
one changes the parameters of the system, the polariton
dimer acquires one of the expected states of the dynami-
cal system: symmetric stationary (with 0 or pi phase dif-
ference), asymmetric stationary (with ρ1 6= ρ2, θ 6= 0, pi),
oscillatory, or chaotic. Figure 1 represents the range of
such solutions for a polariton dimer (at two different val-
ues of the pumping strength) as the coupling between
CCs is varied. For smaller pumping strengths (P = 2,
Fig. 1(a)) we see stable symmetric bonding (when J > 0)
or antibonding (when J < 0) states for lower values of |J |
and the emergence of stable asymmetric states at higher
values of |J |. For larger pumping strengths (P = 4,
Fig. 1(b)) the stable bonding (antibonding) states occur
when J < 0 (J > 0). These states lose stability at higher
|J |, transitioning the system into an oscillatory regime.
FIG. 1: Bifurcation diagrams of polariton dimers for P = 2
(a) and P = 4 (b) obtained by integrating Eq. (1) for g = 1
and s = 0.5. In (a) there are no oscillatory states and we
plot the individual condensate densities against J . In (b)
there are oscillatory states and we plot the total intensity
|ψ1 + ψ2|2 against J . In oscillatory regions the return points
(local maxima and minima) of the oscillations are plotted.Two
insets illustrate the nature of the period-doubling bifurcations
as |J | is decreased. Stable (unstable) states are indicated by
solid (dashed and dotted) lines.
By increasing the number of condensates with a con-
comitant increase in the variability of couplings between
them, we can achieve the same types of behaviours (sta-
tionary, oscillatory, or chaotic) with extra flexibility in
the control of the structural properties of the states.
3FIG. 2: Normalised logarithms of the spectral weight I(ω)
as a function of ω for trimers (a,b) and tetrads (c,d). (a)
All coupling strengths in the triad are the same as given
in the legend; (b) all coupling strengths in the trimer are
varied as shown in the legend; (c) coupling strengths are
J12 = J23 = J34 = J41 = J as given in the legend, whereas
J24 = J13 = 0; (d) the coupling strengths for blue, yellow,
red, and green plots are Ji−1,i+1 = 0 and Ji,i+1 = 0.55,
Ji,i+1 = 0.55, 0.57, 0.55, 0.55, Ji,i+1 = 0.55, 0.58, 0.61, 0.63,
and Ji,i+1 = 0.55, 0.58, 0.7, 0.3, respectively. The number of
significant spectral lines changes depending on the couplings.
In all plots g = 1, s = 0.5 in Eq. (1); (a,b) P = 3; (c,d) P = 1.
With polariton trimers and tetrads we can tune the spec-
tral gaps and the number of spectral lines on demand, as
Fig. 2 illustrates. In experiments, the state of a polari-
ton system is probed by analysing the momentum- and
energy-resolved photoluminescence spectrum that can be
directly measured in the far field. The spectral weight is
given by the modulus squared of the Fourier transform
of the wave function,
I(ω) =
∣∣∣∣∫ e−iωtψ(t)dt∣∣∣∣2 = ∣∣∣∣∫ e−iωt[ N∑
i=1
√
ρie
iθi
]
dt
∣∣∣∣2.
(6)
Figure 2 depicts the peaks of the spectral weight for os-
cillatory trimers (Fig. 2(a,b)) and tetrads (Fig. 2(c,d)) if
the condensates have the same (Fig. 2(a,c)) or different
(Fig. 2(b,d)) coupling strengths. Figure 2(b) shows that
by varying the coupling strengths between constituents
in a trimer one can change the spacing (spectral gap)
between the spectral lines with the trimer representing a
three-level system - a basic element of universal quantum
information processing [37–39]. In addition to changing
the distance between the levels, it is possible to change
the number of lines by going to a polariton tetrad with
an increased number of degrees of freedom, as Fig. 2(d)
illustrates.
Equation (1) is a simplified model so next we consider
how more realistic rate equations for a particular sys-
tem would change the stability properties of the artificial
molecules. In particular, for a network of N optically
excited and freely expanding condensates in the tight-
FIG. 3: (a)-(d): Schematics of bonding symmetric (a), an-
tibonding symmetric (b), and asymmetric (c,d) states for a
dimer. The height (arrows) of the 3-D plot represents the con-
densate density (phase). (e)-(f): Bifurcation diagrams show-
ing regions below threshold (BT), “ferromagnetic” (bond-
ing) (F), “antiferromagnetic” (antibonding) (AF), asymmet-
ric (A), and non-stationary (NS) states. Lines J = 0 are
shown by the dashed black lines. The diagram in (e) was
calculated analytically from Eq. (1) with s = 0. Asymmetric
states were found for s = 1, as shown in (g). (f) and (h) show
diagrams obtained numerically from Eqs. (7-8) for b0 = 0.1
(f) and b0 = 0.5 (h), respectively. Also, β = 2.5, J0 = 0.1 and
b1 = 1.
binding approximation [17] we have a system of N equa-
tions on condensate wavefunctions,
ψ˙i = −i|ψi|2ψi − ψi + (1− ig)[Riψi +
∑
j 6=i
Jijψj ], (7)
coupled to the rate equations on the hot exciton reservoir
densities Ri,
R˙i = b0(P −Ri − ξRi|ψi|2). (8)
Here, in addition to other terms present in Eq. (1), we
have ξ = b1/b0, where b0 and b1 characterise the re-
laxation rate of the reservoir and the strength of the
nonlinearity saturation, respectively. Close to the con-
densation threshold and in fast reservoir relaxation limit
b0  1, Eqs. (7-8) and Eq. (1) behave similarly as can
be seen by rescaling ψi → ψ˜i/
√
ξ, assigning s = gP − 1,
and taking the Taylor expansion in the expression for
Ri = P/(1 + |ψ˜i|2) ≈ P − P |ψ˜i|2. The violation of
4these conditions changes the dynamical behaviour by
shifting the boundaries of the states. Nevertheless, the
overall transitions from symmetric bonding, symmetric
antibonding, asymmetric and oscillatory states of arti-
ficial dimers remain and can therefore be viewed as a
generic feature of gain-dissipative oscillators existing in
a large variety of physical systems. The couplings Jij in
these systems depend on the pumping intensity, P , the
blueshift, g, and the separation between the CCs. It can
be approximated using analysis on the pairwise interac-
tions between the condensates [14, 40] as
J = J0P
2 cos(βP
√
g), (9)
where β depends on the remaining system parameters
and pumping geometry. Now we can see how the states
change as the pumping intensities and pumping geometry
vary as evident in the bifurcation diagram on Fig. 3, while
the possible stationary states are shown schematically in
Figs. 3(a)-(d).
Asymmetric stationary states combine discrete and
continuous degrees of freedom. The continuous degree
of freedom comes from the phase difference between
”atoms”. The discrete degree of freedom comes from
occupation asymmetry that leads to non-trivial current
from one “atom” to another. In particular, we can asso-
ciate Ising spins with the direction of this current in a po-
lariton dimer. By changing the interactions between two
dimers, we can create a pseudo-coupling between them so
that the Ising spins align forming a type of ferromagnetic
or antiferromagnetic coupling between the dimers. Such
couplings are realised in Fig. 4. The “atoms” from differ-
ent “molecules” are coupled less strongly (with the cou-
pling strength αJ) than the “atoms” within one molecule
(J). By varying 0 < α  1 the orientation of dimers
change, mimicking the behaviour of magnetic spins.
FIG. 4: Interactions between two polariton dimers. Dimers
are formed by bonds of strength J > 0 while the couplings
between dimers are much weaker: αJ (a) and α′J (b), with
α, α′  1. Increasing the weaker coupling strength above a
critical threshold (here depicted by α → α′) transitions the
state transitions from ↑↑ to ↑↓, where the notion of direction
is given by the density imbalance within a dimer. Relative
strengths of the couplings are indicated (not to scale) by the
thickness of the lines connecting the condensates. Here J =
0.5776, β = 2.5, J0 = 0.162, α = 0.054, α
′ = 0.056, b0 =
0.625, P = 2.52, and g = 0.71. For the ↑↑ (↑↓) state higher
densities are 2.6224 (2.5025) and lower are 1.2731 (1.3904).
This combination of discrete observables associated
with occupation asymmetry and continuous variables as-
sociated with the phase differences suggests applications
in information processing. It has been argued that the
intrinsic limitations of both discrete- and continuous-
variable quantum information processing can be reduced
by combining the two in a single platform [41]. In our
system, we control the values of the phases and the ori-
entation of the spins through the adjustment of the cou-
pling strength. It is possible to realise this on a large
scale, in which each dimer forms the fundamental unit of
an effective hybrid information processing system.
FIG. 5: Bifurcation diagrams for polariton trimers (a) and
tetrads (b). (a): symmetric bonding (ferromagnetic) (F),
two density I (2D-I), two density II (2D-II), three density
(3D) states and non-stationary (NS) states; (b): symmetric
bonding (ferromagnetic) (F), symmetric antibonding (anti-
ferromagnetic) (AF), asymmetric double dimer (ADD), three
density I (3D-I), three density II (3D-II), four density (4D)
states and non-stationary (NS) states. The diagrams were cal-
culated by numerical integration of Eqs. (7-8) with J0 = 0.1,
β = 2.5, and b0 = 0.5 (a) or b0 = 0.25 (b).
More complex molecular units are possible. Figure 5
shows regions of parameter space in which all possible
types of stationary states in polariton trimers (a) and
tetrads (b) are realised, as found by numerical integra-
tion of Eqs. (7) and (8). In addition to the equal-density
bonding and antibonding states, there are several dis-
tinct types of asymmetric stationary states comprised of
distinct densities.
The existence of four (six) independent steady states
for a polariton tetrad suggests their potential use as the
fundamental unit of a multistate logic system. Moreover,
as Fig. 5 illustrates, there exists a fixed g that enables
one to seamlessly transition between such states simply
by changing P . Allowing the couplings to vary within a
molecule further increases the possible number of discrete
states in the system.
Conclusions. Nanotechnology has opened up the abil-
ity to create new classes of materials with designed
properties. Controllable creation of intricate artificial
molecules that consist of internally coupled groupings of
5elementary oscillators are testbeds for such new materi-
als. In the Letter we demonstrated the range of config-
urations that can be assembled by coupling nonequilib-
rium polariton condensates. The physical properties of
such configurations are significantly altered from those
of the individual condensates due to the inter- and intra-
condensate couplings. We show how the bonding and
antibonding changes the spacing between the levels in
dimers and brings about asymmetric states that can be
viewed as molecules with both discrete and continuous
degrees of freedom. By increasing the number of con-
stituents we can introduce the basis of a polaritonic
multi-valued logic system [42], such as those proposed
for organic field-effect transistors [43], optical [44] and
magnonic systems [45]. Oscillatory states of trimers and
tetrads bring about frequency combs with controllable
number of levels and spectral gaps, allowing one to man-
ufacture the properties of artificial molecules by control-
ling the condensate geometry and coupling strengths.
Such artificial molecules can be readily manufactured us-
ing recent advances in freely expanding optically injected
condensates in arbitrary graphs [7, 46], in photonic lat-
tices with controlled loading of the condensate, in dis-
tinct orbital lattice modes of different symmetries, and
at ambient conditions that include room temperature op-
eration [47–49].
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